ABSTRACT
I. Introduction
Mechanism of folding and unfolding of different proteins under different environments is a highly complex physicochemical process. A native state of protein is stabilized and held together in aqueous environments by variety of forces, such as hydrogen bonding and hydrophobic attraction among amino acid residues. Nature of these forces is different. While hydrogen bonding is pair specific, hydrophobic force is more collective, gets enhanced in an aggregate.
These forces together determine the pathways of folding and unfolding in a given environment.
Thus, the pathway can change as the environment changes and this is an important aspect of protein folding problem.
Folding funnel paradigm with its associated energy landscape ͑ view has been applied to find a general semi-quantitative approach to rationalize a vast amount of information available now. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] A major prediction of folding funnel paradigm is the existence of multiple pathways during transition from the folded to the unfolded state and vice versa, and in the process a protein is predicted to evolve through different intermediate states. This prediction has been a subject of intense debate with examples both in favor and in opposition. The issue is still far from settled. It is indeed a daunting task to map out the full folding pathway at an atomic level. One possible approach is to use different chemical denaturants in the hope of finding different pathways of unfolding. [4] [5] [6] [7] Early work of Daggett and co-workers demonstrated for chymotrypsin inhibitor-2 that in 8M urea solution the β-structure melts first, followed by -helix.
[ 26] In similar recent studies by Rocco and co-workers compared the unfolding pathways of protein L in different denaturation modes, such as temperature, urea and guanidinium chloride. [27, 28] They reported that in 10M urea β-sheet is destabilized first, whereas in temperature and 5M GdmCl, it is the -helix. Englander carried out a series of unfolding studies and concluded that unfolding follows a definite predetermined pathway. [29] [30] [31] Fayer and co-workers found the system to settle in a molten globule state. [32] For urea mediated denaturation, two mechanisms have been proposed: (i) An indirect mechanism where urea drags out the hydrogenbound water molecules by dehydrating the protein surface which indirectly facilitates the unfolding event [33] and, (ii) a direct mechanism where urea preferentially bind with protein molecules through a strong dispersion interaction competing with water. [34, 35] The fact that most of recent theoretical and molecular dynamics simulations employ urea and guanidine chloride as denaturating solvents has somewhat limited our data pool; [26] [27] [28] [33] [34] [35] [36] [37] [38] [39] examples of the use of other co-solvents induced protein unfolding are sparse. Among those cosolvents dimethyl sulphoxide (DMSO) is unique. [40] [41] [42] [43] It is popularly used as a stock solution in drug discovery processes and efficiently plays roles as a stabilizer, an activator, an inhibitor, a cryoprotector and also as a capable denaturant. While at low concentrations of DMSO (X DMSO <0.05) majority of proteins are found to be conformationally unaffected, they undergo a number of structural changes as DMSO concentration increases. We recently carried out studies aimed at understanding quite different molecular interaction that DMSO provides between a protein and its chemical environment. [40] Along with our early studies, many other research groups also found the sensitivity of secondary structure of protein upon aqueous DMSO treatment. [40] [41] [42] [43] [44] Very recently, from Raman optical activity measurements, Blanch and coworkers found DMSO to selectively act on alpha helices for a number of proteins at higher DMSO mole fraction whereas beta sheets remained unaffected regardless of solvent 4 concentration. [45] All these works greatly motivate us to examine the capability of DMSO as a helix breaker and the origin of its selectivity at a molecular level.
In the present work we study and compare the unfolding of four proteins using several different denaturating conditions, specifically in various concentrations of aqueous urea and aqueous dimethyl sulphoxide (DMSO) solutions. This allows us to quantify the sensitivity of different secondary structural segments of a particular protein towards addition of such cosolvents. In addition, we selectively choose those proteins where the two principal secondary structural contents, i.e., alpha helix and beta sheet parts present in their native conformation.
Unfolding of four such well characterized /β proteins namely, (1) (4) human erythrocytic ubiquitin (PDB ID: 1UBQ) were studied both in aqueous urea and DMSO solutions by molecular dynamic simulation method. We also studied chicken villin head piece HP-36 earlier but that has only helices. [43] The details of molecular dynamic simulation technique are described in the System Setup and Simulation Details section.
II. Solvent Sensitivity of Secondary Structures in 8M Urea and 8M DMSO A. Differential Stability of Alpha Helices and Beta Sheets
To characterize the effects of urea and DMSO on those selected proteins we individually track the time progression of unfolding by following their conformational changes in the particular secondary structural segments. We observe that quite generally urea solution 5 preferentially initiate unfolding of its beta-sheet part of such /β proteins which is followed by unfolding of the alpha helical content. This is also in accordance with other simulation results.
[ [26] [27] [28] In contrast, the 8M DMSO solution initially unfolds alpha helix and then beta sheet, with lower priority. DMSO induced such selective melting has also been observed by recent Raman optical activity measurements. [45] Figure Figure S1 ). While destabilization phenomenon of secondary structures in terms of correct native contact arrangement dramatically differs for a specific protein in these two solvents, late stage enhancement of radius of gyration (Rg) remains a common event in the unfolding of protein G in any of these two solvents (see Figure 1(f) ). This 6 signifies the final splitting of tertiary structure which causes elongation of the whole polypeptide chain. 
B. Property Based Free Energy Contours Detect Two Distinct Pathways
To clearly demonstrate different unfolding trajectories, we derive a property based free energy path contour of protein G during unfolding in 8M urea and 8M DMSO solutions (see Figure 2(a) and (b) ). This contour plot shows that the transition from native folded state to unfolded structure follows a minimum energy pathway evolving through different intermediates.
It also provides the free energy separation between the folding and unfolding minima for both the two solvents. We could identify the ensemble of partially unfolded intermediates that are different in conformation and essentially bear the signature of different pathways in aqueous urea and DMSO solutions. It is worthwhile to note that unfolding by temperature and also by using GdmCl denaturants reveal diversity in the unfolding pathways of the structurally similar proteins. [26] [27] [28] Hence one can surmise that the protein unfolding steps under any denaturing condition proceeds by following a specific minimum energy path which appears to be dominant among the multiple pathways of unfolding. That dominant route however might differ depending on the mode of denaturation. 
C. Molecular Mechanism of Urea and DMSO-Induced Unfolding Processes
To study the microscopic mechanism responsible for the emergence of such diverse unfolding events in urea and DMSO, we track their molecular interaction with proteins. In urea, due to the presence of more hydrophilic ends (C=O and two NH 2 ), there is a high propensity of forming hydrogen bonds with the side-chain residues and the backbone of beta-sheet, leading to the preferential binding with beta sheets than alpha helices (see Figure 3(a) ). The molecular mechanism of DMSO induced unfolding process is entirely different. It can be attributed to the preferential solvation of the hydrophobic side chain atoms through the methyl groups of DMSO (see Figure 3(b) ), followed by the hydrogen bonding of the oxygen atom of DMSO to the exposed backbone NH groups of protein G (see Figure 3(c) ). It is important to note that alpha helix of protein G has a relatively large hydrophobic solvent accessible surface area than that of beta sheet. This accounts for the hydrophobic solvation through the methyl groups of DMSO leading to the fast melting of alpha helices. 
D. Solvent Dependence of Unfolding Pathways for Other Alpha-Beta Proteins
We have mentioned earlier that DMSO has attained less attention as a denaturant. To affirm the proposition of microscopic unfolding mechanism induced by DMSO, we selectively study four such /β proteins including protein G. It also allows us to check whether they share Figure S2(a)-(d) ) in terms of their property based free energy path shows that similar to protein G, chymotrypsin inhibitor 2, and protein L also adopt the alpha-helix melted pathway (see Figure 4(a)-(c) ). Exception still remains in the crowd. We find maximum unfolding trajectories of ubiquitin in DMSO do not proceed via alpha-helix melted pathway (see 
E. Mode of Action of a Solvent and Polar and Non-Polar Solvent Accessible Surface Area of a Protein together Determine the Dominant Route of Unfolding
Recall that DMSO induced unfolding process is primarily governed by the preferential solvation of the hydrophobic side chain atoms through the methyl groups of DMSO. To estimate the exposure of such side-chain atoms we calculate the relative polar and nonpolar solvent accessible surface area (SASA) (estimates are given in Table 1 ) for each protein in their crystal structure that can be accessible for solvents we used. We find that all the three proteins, namely protein G, chymotrypsin inhibitor 2, and protein L have relatively higher nonpolar surface exposure of their alpha helical content than the beta sheet which actually leads to the more effective hydrophobic interaction with the methyl groups of DMSO (see Table 1 ). In addition the residual level analyses reveal that alpha helix enriched with alanine residues also facilitate the alpha-helix melting by preferential hydrophobic solvation. Ubiquitin, in comparison, has relatively less nonpolar surface exposure in its alpha helical segment which might be a dominant factor for choosing a selective unfolding route. This prerequisite information of surface polarity thus can provide immense information about the preferential unfolding pathway of a specific 12 protein in a specific solvent if the molecular mechanism of protein-solvent interaction is already known. Protein denaturation by aqueous urea gets initiated by the preferential solvation of the polar/charged hydrophilic residues on the protein surface by the polar head groups of urea. This leads to an effective repulsion between the residues on the surface of proteins. As a result, protein swells and its buried hydrophobic residues become exposed. These sequences of events match well with the early explanation reported by Thirumalai and coworkers. [34] In contrast, in aqueous DMSO, protein denaturation occurs by the combined effects of hydrophobic and hydrophilic interactions, initiated first by the preferential solvation of the nonpolar amino acid residues on the protein surface by the methyl groups of DMSO. Subsequently, the >S=0 bonds of DMSO that now point outwards from the protein surface, form hydrogen bonds with water.
This also gives rise to a swelling of the protein that in turn enhances the availability of backbone to further solvation. Then the >S=0 groups of DMSO pull the backbone outwards through hydrogen bond interaction.
14 In the present context, for majority of proteins, alpha helices have the larger hydrophobic surface exposure than that of beta-sheets, except ubiquitin. Hence, the majority of proteins choose preferential hydrophobic solvation of these helices as the unfolding pathway in DMSO. Our early observations and the current study suggest possible use of DMSO as an excellent helix breaker. On the other hand, majority of proteins having beta sheets with excess hydrophilic surface exposure undergo the conformation changes in aqueous urea by preferentially solvating the polar residues.
However, it is important to note that it may not be true always that urea breaks beta sheets and DMSO melts alpha helices for all the proteins. 
IV. System Setup and Simulation Details
As earlier mentioned in the text we selected four well characterized /β proteins namely, All results were in good agreement with experiments. [57] We performed standard MD simulations of timescale around 50 ns at different composition of urea and DMSO. We essentially practiced the protocol as mentioned by Rocco and co-workers. [27, 28] To accelerate the unfolding process and for better sampling, also in order to avoid the traps in the path we performed a number of MD simulations in water, urea and DMSO at four different temperatures (300K, 350K, 400K, 450K and 480K). We find that temperatures for 300K, 350 K, 400 K, native structures of all the proteins taken were minimally perturbed. They essentially unfolded in water within the range of 450-480K or above. However at 400K temperature, addition of 8M urea or 8M DMSO greatly enhance the rate of unfolding of these proteins. Thus rate of enhancement of unfolding process allowed us to compare several properties of four proteins in urea and DMSO solution within the timescale of 50ns. We 16 monitored several parameters to investigate the different unfolding mechanisms experienced by these proteins under these specific conditions. It is important to note that the residual level secondary structural information for each protein was collected from their pdb source files. [50] [51] [52] [53] In addition to make composition dependent binary mixtures, at first we prepared water-urea and water-DMSO binary mixtures at various concentrations in cubic boxes, with sides 3.0 nm. We used SPC/E model for water molecules. [58] Methyl groups of DMSO were modeled as united atom within ffG43a1 force field. [54] [55] [56] After steepest descent energy minimization, each trajectory was propagated in an NVT ensemble and equilibrated for 2 ns. All the simulations in this study were done at 300 K and 1 bar pressure. The temperature was kept constant using the Nose-Hoover thermostat. [59, 60] It was followed by an NPT equilibration for 20 ns using the Parinello-Rahman barostat. [61] After preparing the binary solvents at various concentrations, the selected protein was dissolved to each of them and again followed the same procedure of energy minimization. A total of around 5000-6000 solvent molecules were taken. To further equilibrate the solvent before starting a full molecular dynamics simulation, we hold the protein fixed while allowing the solvent to move around at constant temperature by performing position restrained molecular dynamics for 5ns. This allows the solvent to relax to a state which is natural for the current (native) conformation of the protein. Finally, production runs were performed for each system in an NVT ensemble. All the results were extracted from the 50 ns trajectory. The box size was enlarged to 6-6.5nm to accommodate all the molecules. Periodic boundary conditions were applied and non-bonded force calculations were employed a grid system for neighbor searching. [62] Neighbor list generation was performed after every 10 steps using a cutoff 0.9nm. A cut-off radius of 1.2 nm was used for van der Waal's interaction. To calculate the 17 electrostatic interactions, we used PME with a grid spacing of 0.12 nm and an interpolation order of 4. [63] [64] [65] Supporting Information: Figure S1 showing conformational fluctuation of protein G, Figure S2 showing fraction of native contact () dynamics, are included in the supporting information. This material is available free of charge via the Internet at http://pubs.acs.org."
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